ABSTRACT The transport of macromolecules across the renal glomerular capillary wall has been described theoretically using flux equations based on (a) restricted transport through small pores, and (b) the Kedem-Katchalsky formulation. The various assumptions and limitations inherent in these two approaches are discussed. To examine the coupling between macromolecular solute transport and the determinants of glomerular filtration rate, these flux equations were combined with mass balance relations which allow for variations in the transmembrane driving forces along a glomerular capillary. It was predicted, using both pore theory and the KedemKatchalsky equations, that fractional solute clearance should be strongly dependent on the determinants of glomerular filtration rate when convection and diffusion both contribute to solute transport. When convection becomes the sole mechanism for transcapillary solute transport, however, fractional solute clearance is essentially independent of changes in the determinants of glomerular filtration rate. Consequently, unless diffusion is absent, fractional solute clearances alone are insufficient to characterize the permselective properties of the glomerular capillary wall, since these values may be altered by changes in glomerular pressures and flows as well as changes in the properties of the capillary wall per se.
INTRODUCTION
One of the most remarkable features of the glomerular filtration process is the extent to which the glomerular capillary wall discriminates among molecules of varying size. Uncharged molecules the size of inulin or smaller normally appear in glomerular ultrafiltrate in the same concentrations as in plasma water, whereas the transport of substances of increasingly greater size diminishes progressively, normally reaching very low values as the size of serum albumin is approached. For this reason, all but the smallest plasma proteins are normally restricted from passage into Bowman's space, the proximal-most portion of the renal tubule. In addition to size, it seems likely that molecular charge as well as other physical and chemical properties of macromolecules will also influence this permselectivity.
In an effort to understand the mechanisms governing the transport of macromolecules, it is important to recognize that solute and water transport across the glomerular capillary are coupled. In particular, Pappenheimer, Renkin, Lambert, and their respective co-workers (1) (2) (3) (4) have derived equations which show that the Bowman's space to plasma concentration ratio of a macromolecule depends inversely on glomerular filtration rate (GFR). Accordingly, the transport of macromolecules will be influenced not only by the physicochemical properties of the capillary wall, but also by the other determinants of GFR, namely, the transcapillary hydraulic and oncotic pressure differences and the glomerular capillary plasma flow rate. The goal of this theoretical study is to examine in greater detail how the membrane properties and the transcapillary driving forces interact to determine the transport of macromolecules.
The present approach differs from that taken previously (1) (2) (3) (4) in two important respects. First, the effects on solute transport of variations in each of the individual determinants of GFR are considered. This is appropriate given the recent discovery of a unique strain of Wistar rats with glomeruli on the surface of the renal cortex, which makes possible direct measurement of these quantities, and hence, assessment of their individual effects on glomerular transcapillary exchange of a variety of macromolecular species. One such assessment, employing dextrans of varying molecular radius, is contained in the companion study (5) . Second, variations in the driving forces for water and solute transport that must occur along a glomerular capillary are incorporated in this formulation. Our previous theoretical (6, 7) and experimental (8) (9) (10) (11) (12) (13) (14) (15) (16) ) studies of the determinants of GFR have shown, for example, that the dependence of GFR on glomerular plasma flow rate is brought about by flow-induced variations in the colloid osmotic pressure profile along a glomerular capillary. Consequently, it seems likely that variations in the solute concentration profile along a glomerular capillary, coupled to changes in glomerular plasma flow and the other determinants of GFR, will affect macromolecular solute transport. To examine these effects, mass balance equations for water and solute for the glomerular capillary network have been combined with expressions for water and solute fluxes based on either the Kedem-Katchalsky formulation or the hydrodynamic theory of solute transport through pores. Both sets of flux equations are commonly used in characterizing membrane transport processes and are consistent with the postulates of nonequilibrium thermodynamics, but they differ sufficiently to merit a comparison of the two approaches.
MODEL DEVELOPMENT Thermodynamic Basis ofFlux Equations
Essential to a thermodynamic description of mass transport through membranes is an expression for the local rate of entropy production at any point within the membrane. For a one-dimensional, isothermal system in the absence of chemical reaction, assuming local equilibrium (a postulate of nonequilibrium thermodynamics), this can be written as follows (17): 4) = -E N,(d,/dz'), (1) 1-1 where X, the dissipation function per unit volume, is the product of the volumetric rate of entropy production and the absolute temperature, N, is the molar flux of species i relative to the mass average velocity, gi, is the chemical potential of species i, and z is a coordinate perpendicular to the plane of the membrane. In further accord with the postulates of nonequilibrium thermodynamics, the fluxes (N,) are related to the driving forces (du,/dz) in a linear manner (17) : n N, = X a,A(dMj/dz) i = 1,2,...n, (2) j-I where a,j are phenomenological coefficients with the property that aj = aj, (Onsager reciprocity relation). Eqs. 1 and 2 form the common basis for both sets of flux equations employed in the analysis that follows.
In the development of the flux equations it will be sufficient to consider a ternary system composed of water, an uncharged macromolecular solute, and the membrane. Since it has been shown experimentally (18) that the glomerular capillary wall is essentially impermeable to the major plasma proteins, these will enter into the analysis only in that they contribute a transmembrane osmotic pressure difference. To relate the molar flux of species i at steady state to the transmembrane difference in i,, Eqs. 1 and 2 are integrated across the membrane. The flux equations based on the hydrodynamic theory of transport through pores assume the membrane to consist of an impermeable matrix perforated by a number of solvent-filled, cylindrical pores; the Kedem-Katchalsky equations are obtained by performing the necessary integration without specifying the internal structure of the membrane.
Flux Equations Derivedfrom Pore Theory
The pioneering efforts of Pappenheimer et al. (1, 19) and Renkin (2) in the use of the theory of transport through porous membranes, and subsequent refinements of their treatments, have been discussed by Solomon (20) , Bean (21) , Verniory et al. (4) , and Anderson and Quinn (22) . This approach, in its simplest form, involves the assumption that transport takes place through a number of identical cylindrical pores of radius r0 and length 1, as shown in Fig. 1 . Hydrodynamic relations are utilized to specify the various frictional interactions among the solute (treated as a solid spherical particle), the solvent (treated as a continuum), and the pore wall. The expressions for volume flux (J,,) and solute mass flux (Js) which result are: J, = (r2/8nl)(S'/S)(AP -Air) = (k'S'/S)(AP -Ar), (3) Js = XoCoJ,[I -(C,/CO)exp(-t)]/[1 -exp(--y)J. 
FIGURE I FIGURE 2
FiGuRE I Schematic of a membrane perforated by a solvent-filled right-cylindrical pore in which the solvent velocity profile is parabolic and the solute molecule traverses the pore along the pore centerline. Symbols in this and subsequent figures are as defined in the text and List of Symbols. For definitions of the various symbols see List of Symbols. An important feature of Eq. 3, where it is assumed that the osmotic pressure of the permeant solute is negligible, is that the hydraulic permeability (k') is given explicitly in terms of the pore geometry (r*, 1) and solvent viscosity (v7). The factor S'/S appears in Eq. 3 because J, and J, are based on total membrane surface area (S) rather than total pore area (S'). The quantity y in Eq. 4 is a measure of the relative importance of convection and diffusion to solute transport within a pore (see Eq. 52). Although Eq. 4 does not contain readily identifiable terms representing the separate contributions of convection and diffusion, these can be obtained as shown in the Appendix (Eq. 51). The Appendix contains a derivation of Eqs. 3 and 4, based on Eqs. 1 and 2, together with a discussion of some fundamental assumptions inherent in this approach that have not been considered in previous treatments (1) (2) (3) (4) (19) (20) (21) (22) .
Kedem-Katchalsky Flux Equations
An alternative, widely used set of flux equations is that derived by Kedem and Katchalsky (23) , who began their analysis with an expression for the dissipation function per unit area of membrane obtained by formally integrating Eq. 1 across a membrane of uniform thickness. Assuming the volume fraction of permeant solute to be small (dilute solution approximation), they transformed the driving forces from transmembrane chemical potential differences for water and solute to differences in pressure and solute concentration in the solutions bathing the membrane. For the particular case in which the osmotic contribution of the permeant solute to volume flow is negligible, the Kedem-Katchalsky flux equations are:' J, = k(AP -At), JS = wRTACs + JI,(1 -a)Cs. Deen et al. (6) , the glomerular capillary network is treated as a single tube of equivalent total surface area S and length L (Fig. 2) . This approach assumes that radial concentration gradients within a glomerular capillary may be neglected, an approximation which has recently been confirmed to be valid (7) . J, and Js are taken to be positive for transport from the glomerular capillary to Bowman's space, the latter assumed to be a well-mixed compartment having solute concentration CSB. Of importance, J, J,, the glomerular capillary plasma flow rate (Q), and the intracapillary protein and permeant solute concentrations (CP and CS, respectively) are all functions of the axial distance coordinate, x. The volume, protein, and solute balance equations are given by: (7) d(QCp)/dx = 0, (8) d(QCs)/dx = -(S/L)J,(x). (9) As shown by Eq. 7, the rate of change of plasma flow along the idealized capillary is balanced by the volume flux, J,. across the capillary wall. Eq. 8 states that the capillary wall is essentially impermeable to the major plasma proteins, while Eq. 9 represents the balance between changes in the mass flow of the permeable species along the capillary and the local net transcapillary solute flux, J..
Overall Transport Equations
The final transport equations based on either set of flux relations are obtained by substituting the appropriate expressions for J, and J. in Eqs. 7 and 9, and transforming the resulting equations using the following dimensionless variables: Os = CS/CSAI (10) vective (a) reflection coefficients are equal (24) . Because of the assumption that RTACS AP, A, a condition fulfilled in the companion study (5) , volume flow is independent of the permeant solute and only a needs to be considered.
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.The combined form of Eqs. 7 and 8 for either pore theory or the Kedem-Katchalsky approach is:
where the dimensionless parameters are:
A, = a,CpA/AP,
Eq. 14, which has been discussed in detail previously (6) , assumes that the transmembrane hydraulic pressure difference (AP) is constant along a glomerular capillary (i.e., AP = AP), a good approximation for the rat (9) . The colloid osmotic pressure difference (A7r) at any point along a capillary is related to Cp:
where a, and a2 are empirical coefficients (6) . The glomerular ultrafiltration coefficient, Kf, a measurable quantity (11, (14) (15) (16) , is related to the hydraulic permeabilities as follows:
Thus, for pore theory, only two of the parameters K,, S'/l, and r0 are indepen- -(l/0p)(dOp/dOt)(I -a)0s -Osi, Os(0) = 1 (21) where: B = SwR TIQA . (22) The only additional expression required is one relating Os, to the transcapillary volume and solute fluxes:
Eq. 23 applies to Eq. 20 when J, and J. are evaluated using pore theory (Eqs. 3 and 4) and to Eq. 21 when the Kedem-Katchalsky relations (Eqs. 5 and 6) are used.
RESULTS
Predictions Based on Pore Theory According to the pore theory outlined above, the transport of macromolecular solutes across the wall of the glomerular capillary will be determined by any two of the following membrane2 parameters, S'/l, r*, or Kf. Numerical solution of Eqs. 14 and 20 provides insight into how the transcapillary driving forces and membrane parameters interact in theory to influence the fractional clearance, Os,, of a partially permeable macromolecule. Examples are shown in Fig. 3 2The glomerular capillary wall is actually a highly complex composite of several distinct anatomical structures. The word "membrane" is used here to refer to the functional properties of this composite and is not to be confused with any specific anatomical structure, such as the glomerular capillary basement membrane. Stokes-Einstein solute radius, a (Fig. 3 A) , and as a function of initial glomerular plasma flow rate, QA (Fig. 3 B) , a quantity that may easily be varied experimentally over the range shown. The pore radius, r0, has been assumed to equal 50 A, a value calculated by others from fractional solute clearance profiles measured in man and experimental animals, using hydrodynamic theories of transport through isoporous membranes (1, 3, 4, 19, 25, 26) .
With this value of r. = 50 A, the predicted fractional clearance profiles shown in Moreover, these decreases in OEs are predicted to be less marked for very small and very large macromolecules. For those cases where Os's declines appreciably with increasing QA, it is evident from Eq. 23 that these declines result from disproportionate alterations in the values of Js and J, integrated over the length of the glomerular capillary. In those cases, the integrated value of Jv rises more with increasing QA than does the integrated value of J,. On the other hand, for very small and very large molecules, where declines in Oes are less pronounced, the integrated values of J3 and J, increase roughly in proportion.
The manner in which J, and J, vary with QA deserves elaboration. Given that single nephron glomerular filtration rate, SNGFR, is proportional to the denominator in Eq. 23: (24) and since SNGFR has been shown to be highly plasma-flow dependent (9) , it would be expected that 0S, would also be sensitive to changes in QA. The dependence of water transport on QA is not sufficient, however, to account for the trends seen in Fig. 3 B, since the absolute rate of solute transport, proportional to the numerator in Eq. 23, is also flow-dependent. An examination of the dependence ofJ, on QA requires an assessment of the relative contributions of convection and diffusion to transcapillary solute exchange. As the first step, Eq. 4 is substituted into Eq. 23, yielding:
Osa/Xe = f OsJOvdt /f JYdt, (25) where:
and: O = OSB/oS (27) The quantity y(0) is a measure of the relative importance of convection (x.J..) and diffusion (t. Z. /1) to solute transport within a pore at any point t along an idealized glomerular capillary. The significance of the function 6(0) in Eq. 25 is that it is the sole determinant of the relative effects of convection and diffusion on Os,. This can be seen by noting in Eq. 26 that as 'y becomes large and convection is totally dominant, y6 -1. If, in the derivation of Eq. 4 (see Appendix), the diffusion term is eliminated, sD 1/X. is given by Eq. 25 with 4 1, thereby confirming that convection will be the sole mechanism for solute transport whenever 4 = 1. As shown in 3This statement is true only if f < 1. According to pore theory, however, the case^,i is not permissible, since pore theory predicts that some restriction to solute exchange must occur for all solute sizes.
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For a given solute, y is not constant along a glomerular capillary, but rather decreases as J, decreases.4 Thus diffusion tends to be less important at the afferent (t = 0) than at the efferent (t = 1) end of the capillary, the magnitude of this effect depending on the range of'y. When the minimum value of y ('y,,j, attained at t = 1) exceeds -3, transcapillary exchange for the given solute will be governed solely by convection. The shaded region in Fig. 3 B denotes the range of molecular sizes and glomerular plasma flow rates where this is the case. Alternatively, when the maximum value of y ('y.,] attained at r = 0) does not exceed -3, convection and diffusion both contribute to solute transport along the entire length of the capillary, as predicted for a < 36 A and QA < 300 nl/min in Fig. 3 B. Finally, when y. > 3 and ymin < 3, convection will dominate transcapillary solute exchange at the afferent end of the capillary, whereas diffusion as well as convection will contribute nearer the efferent end.
Increases in QA have the effect of elevating J, at any point along a glomerular capillary (6); hence y increases with QA. If initially z < 3, changes in y will result in changes in 4+ (Fig. 4) and O., (Eq. 25) . The greatest flow dependence of Os. occurs when variations in 41 are greatest, that is, when 'y,1 < 3, corresponding to low values of QA. Almost no flow dependence of O., is evident when -y,,, > 3, a situation favored by high values of QA. Hence, in Fig. 3 B, the flow dependence of O., diminishes progressively at higher values of QA. As QA increases without limit, O., --X.14. This lower bound for O., (values of which are given on the right-hand margin of Fig. 3 B) , restricts the plasma-flow dependency for small molecules (a < -20 A) more than that for middle-sized molecules (-20 A < a < -34 A). For any size molecule, for large enough values of QA, solute transport will be governed only by convection and Os.
will approach the limiting value of X.4K.
It is important to recognize that despite the fact that 0s declines with increases in QA, the absolute solute clearance increases, as evidenced by Fig. 5 . For small molecules, since transport is relatively unrestricted and Os. is close to one (Fig. 3 B) , the increase in absolute solute clearance (SNGFR-Os.) with increasing QA will closely parallel the increase in SNGFR (Fig. 5) . For larger molecules, where O., is smaller, absolute solute transport will increase less with increasing QA.
The influence on O., of the remaining determinants of ultrafiltration, , CPA, and Kf, is examined in Figs. 6-8. Shown in Fig. 6 is a FIGURE 5 Relationship between absolute solute clearance (SNGFR-OS) and initial glomerular plasma flow rate (QA ) for three representative values of the effective solute radius (a). tion of y that increases in AP (which elevate J,,) cause increases in 'y. and to some extent increases in 'y*.j As a result, OSB would be expected to be increasingly insensitive to changes in JP7 as P is increased, since 4& changes less at these higher values of y (Fig. 4) . Hence, OsB in Fig. 6 is relatively constant at high values of AP, as was the finding for high values of QA. The effects of CpA (or rA) on OsB, shown in values of X.4, the lower limit for 0sa achieved at extremely high values of QA .
As shown in Fig. 8 CpA , Kf, and APare as given in Table I. BIOPHYSICAL JOURNAL VOLUME 15 1975 low and high values of the solute permeability, w, and for 0 < a < 1. These low and high values of c correspond roughly to the experimentally measured bounds for this parameter for a wide range of synthetic and biological membranes (27) . For a low value of w (Fig. 9 A) O0S is essentially independent of changes in QA over the range examined. In contrast, when w is high (Fig. 9 B) , OSB decreases with increasing QA for a > 0. Furthermore, when w is large, 0s5 is always larger for any given value of QA than when w is small. As will soon be discussed, this is so because solute transport by diffusion has been added to that by bulk flow. These theoretical results may best be explained in the following manner. Combining Eqs. 6 and 23 gives: (28) Unlike the equivalent expression derived for pore theory (Eq. 25), Eq. 28 has readily distinguishable terms representing diffusion (dependent on w) and convection (dependent on a). From this equation it is evident that for a # 1 convection will be the dominant mode of solute transport provided w is made sufficiently small. Such is the case for the predictions shown in Fig. 9 A which indicate that whenever convection is the primary mechanism governing transcapillary solute exchange, OsB will be insensitive to changes in QA. When w is large (Fig. 9 B) diffusional processes become more important and therefore sB is larger for given values of QA and qf than in Fig. 9 A, since the effects of diffusion and convection are additive (Eq. 28). As a -1 1 diffusion becomes increasingly important, and when a = 1, diffusion becomes the sole means for solute transport. In contrast to this, when a -1f 0, convection of solute becomes increasingly more important, and when a = 0, convection becomes the sole means for solute transport for any value of w since in this case f, = 1. (30) Values of (OSB).in computed from Eq. 29 are shown on the right-hand margins of Figs. 9 A and 9 B. As can be seen more clearly from Eq. 30, OSB = (OSO)min = 1 for a = 0, irrespective of the values of w or the other quantities in Eq. 30. For solute transport only by convection (w = 0), (OsB),,,^% (I -r)/(I + o), an expression which gives values of (OsB).mj essentially equivalent to those shown in Fig. 9 A. In contrast, when c is large (Fig. 9 B) , (OsB)mjn is determined by diffusion as well as by convection of solute (Eq. 30). Consequently, constancy of O., at high values of QA does not imply that solute transport is dominated by convection. If, however, convection is essentially the sole mechanism for solute transport, as when w is small (Fig. 9 A) , Os. will be relatively constant.
The results given in Fig. 9 are in general agreement with the plasma flow dependence of Os, obtained using pore theory. As shown in Fig. 9 B, OsB is most sensitive to changes in QA at low values of QA, where diffusional processes contribute maximally.
This same behavior was found using pore theory, as evidenced by the low-flow region in Fig. 3 B. Since OsB is bounded below by the value of (s5B)mm computed from Eq. 29, it is not possible for significant flow dependence to exist when uf is small (i.e., a < -0.1). However, as a -k 1, corresponding to molecules with larger radii, significant flow dependence is predicted (Fig. 9 B) , a result in apparent contradiction with that obtained using pore theory (Fig. 3 B) . This discrepancy arises since the effective diffusivity employed in the pore model varies inversely with the solute radius, whereas nonequilibrium thermodynamics permits a and w to vary independently of one another, and w in Fig. 9 was arbitrarily chosen to be the same for each value of a. Although w would also be expected to vary inversely with the solute radius, this may not be the case if there are chemical interactions between solute and membrane. Fig. 10 shows that the absolute solute clearance is an increasing function of QA, for either low or high w. As a 0, increases in solute clearance closely parallel increases in SNGFR, also predicted for small molecules from pore theory (Fig. 5) . Comparison of Fig. 9 . Solid, dashed, and dotted lines are as given in Fig. 11. diffusion is essentially absent, OsB is insensitive to alterations in AP over the range examined. The fact that EsB increases slightly as AP increases follows from small increases in As in the convective term of Eq. 28. When w is large, however, as in Fig. 11 B, the diffusive term in Eq. 28 is no longer negligible and O0S falls significantly with increases in AP. This dependence of 0SB on AP is qualitatively similar to that shown in Fig. 6 for pore theory. As was the case for pore theory, changes in CpA (or 7rA) are largely equivalent to inverse changes in AP. This dependence of OSB on CPA (or 7rA) is illustrated in Fig. 12 . In addition, the dotted lines in Figs. 11 The dependence of OEs on K1 for a large value of cw is illustrated in Fig. 13 and SNGFR is constant (6). In Fig. 13 (1) (2) (3) (4) , is that fractional solute clearance is strongly dependent on the determinants of glomerular filtration rate when convection and diffusion both contribute to solute exchange. When convection becomes the sole mechanism for transcapillary solute exchange, however, fractional solute clearance is essentially independent of changes in the determinants of glomerular filtration rate. Thus, whenever diffusion plays an important role, experimental values of fractional solute clearance would be expected to depend on the values of QA, AP, CPA, and Kf. Consequently, fractional clearance profiles alone are insufficient to characterize the permselective properties of the glomerular capillary wall, since alterations in these profiles due to disease or following an experimental maneuver may reflect changes in glomerular pressures and flows as well as changes in the properties of the capillary wall per se. It has long been recognized that there tends to be an inverse dependence of filtrate solute concentration on filtration rate through restrictive membranes, and explicit equations have been derived previously (1-4) which, when applied to a single glomerulus, may be used to relate OSB and SNGFR. Pappenheimer (1) and Renkin (2) proposed the following relationship: 0sB = CSB/CSA = (k, SNGFR + k2)/(SNGFR + k2), (31) where k, and k2 are constants related to solute diffusivity and pore geometry (1-3).
Eq. 31 assumes that convective transport of solute is proportional to CSA, but Verniory et al. (4) correctly pointed out that it is more appropriate to treat convective transport as proportional to an integrated mean concentration within a pore, and obtained the following result:
where k3 and k4 are again constants related to solute diffusivity and pore geometry (4).
It is instructive to note that Eqs. 31 and 32, despite their differences, both predict an inverse dependence of O0S on SNGFR, with OsB -1 as SNGFR -+ 0 and 0sB k- (4) , in which case 0SB is indicated by Eqs. 31 and 32 to be insensitive to SNGFR, corresponding to our results for small w (see Fig. 9 A, for example) .
The results of the present study are based on overall mass balance equations (Eqs.
7-9) which allow realistic variations in J5 and J, along a glomerular capillary, whereas the application of Eqs. 31 and 32 requires J, and J, to be uniform along a capillary (1) (2) (3) (4) Consequently, use of the present formulation in computing membrane parameters from experimental measurements will result in values that more nearly reflect the permselective properties of the glomerular capillary wall. Unfortunately, it is not possible to provide a quantitative comparison of the predictions obtained using the two sets of flux equations employed in the present study unless the membrane parameters for solute transport obtained from the Kedem-Katchalsky equations, w and a, are related to specific frictional interactions among the solute, solvent, and membrane. Although such a frictional representation of w and a is available (27) , it requires that additional assumptions be made and thereby results in a less general description of membrane transport. Anderson and Quinn (22) attempted to compare pore theory and the Kedem-Katchalsky equations in this way, but these workers assumed that solute-solvent frictional interactions within the membrane were equivalent to those in free solution, which seems unlikely.
Although there is good qualitative agreement between these two descriptions of membrane transport, an important fundamental distinction sets them apart. With pore theory it is necessary to assume for the membrane phase a particular geometric structure (i.e. cylindrical pores), whereas the internal structure of the membrane need not be specified in deriving the Kedem-Katchalsky flux relations. The structural complexity of biological membranes makes it unlikely that the exact hydrodynamic conditions required by pore theory are ever achieved in a biological system. Nonetheless, estimation of membrane parameters based on pore theory might still yield useful insight into the special permselectivity characteristics which glomerular capillary walls are known to possess. A distinct advantage of pore theory is that it is easier to use in computing membrane parameters from experimental data, since Kf, Stl7, and r0 are related by Eq. 19 . Thus, for an isoporous membrane, there are only two independent parameters to be calculated (r0 and Kf or Stl), whereas three parameters (Kf, WS, and a) are needed for the Kedem-Katchalsky approach.
Several attempts have been made to test pore theory using synthetic membranes and other porous materials. The data presently available fail to lend strong support for the expression for the ratio of solute diffusivity in the pore to that in free solution (4., Eq. 49); the expression for the sieving coefficient (X., Eq. 50) has not been tested because experiments reported thus far have been carried out in the absence of water transport. Uzelac and Cussler (29) and Satterfield et al. (30) , for example, present data which are inconsistent with the steric exclusion term in the expression for t, a value of unity having been found for the steric term, theoretically equal to (1 -X)2, despite values of A up to 0.5. The latter authors also point out that the experimental results of Beck and Schultz (31) using track-etched mica membranes, often cited as support for the expression for t., are equally consistent with a purely empirical exponential relationship between t. and A (30) . In fact, since the values of A used by Beck and Schultz (31) were generally less than 0.2, many different functions of X would adequately describe their data. In a more recent study using track-etched polycarbonate membranes, Van Bruggen et al. (32) found large discrepancies between measured and calculated values of t. for inulin, where A was only 0.1. It would seem, therefore, that even for track-etched membranes, which are considered to be excellent representations of the idealized membranes referred to in pore theory, convincing experimental evidence for the validity of a hydrodynamic model of porous membrane transport is still lacking. It is difficult to subject the Kedem-Katchalsky equations to similarly rigorous tests, and their range of applicability likewise remains uncertain. Despite the various reservations concerning the application to biological membranes of these two sets of flux relations, it would appear that either approach can be usefully employed in characterizing the permselectivity of the glomerular capillary wall. LIST Transcapillary volume flux at any point along an idealized glomerular capillary, based on total membrane area and total pore area, respectively. k, k'
Effective hydraulic permeability of the capillary wall, based on total membrane area and total pore area, respectively.
kl, k2, k3, k4 Constants related to solute diffusivity and pore geometry, Eqs. 31 and 32. 
Eq. 33 defines a generalized mass transfer driving force, di:
where the quantity eRTd, represents a force per unit volume of solution tending to move species i relative to the solution (17) . As shown by Lightfoot (17) , Eq. 33 together with the second and third postulates of nonequilibrium thermodynamics (linear relationships between fluxes and forces and reciprocity of the local phenomenological coefficients, respectively) may be used to obtain the Stefan-Maxwell equations: 
As shown by Eqs. 36-38, three frictional coefficients (FSm, fJS,,, and f.) are required in general to describe mass transport in this system. Adding Eqs. 36 and 37 in such a way as to eliminate the dP/dz terms, it can be shown that the molar flux of solute relative to the membrane 
An expression for the water velocity is obtained by simply adding Eqs. 36 and 37 and using the Gibbs-Duhem relation to eliminate terms involving the activities (as and aw):
where again the solution is assumed to be dilute.
Explicit relationships for the frictional coefficients may be obtained by assuming that transport takes place through cylindrical pores ( Fig. 1) and applying results from low Reynolds number hydrodynamics. Bungay and Brenner (33) recently demonstrated that for a solid sphere of arbitrary size and position within a long cylindrical tube at low Reynolds number, the hydrodynamic force on the sphere (A) and the additional pressure drop force due to the presence of the sphere (AP' A) are both linear functions of the translational velocity of the sphere (vs) and the mean fluid velocity. Since it is assumed in the present study that the volume fraction of solute is very small, the mean fluid velocity is essentially identical to the volumetric average velocity (J'). Thus, for a freely suspended and neutrally buoyant particle The resistance coefficients Rjj have been computed by Haberman and Sayre (34) for the special case of a sphere moving along the tube axis (sphere at p = 0) for X < -0.8. Under these conditions, Wang and Skalak (35) have shown that the excess pressure gradient due to the sphere, AP+/l, is less than 2% of the Poiseuille pressure gradient provided that X < 0.8. In addition, Bungay and Brenner (33) considered the additional pressure drop created by a relatively small sphere moving near the wall of a circular tube through which there is a Poiseuille flow. For the limited number of cases reported (A < 0.1 and sphere position such that A/(l -p) < -0.25), the excess pressure drop due to the sphere is again small compared with the Poiseuille pressure drop, provided that l/r0 is large (33) . Taken together, these hydrodynamic results (33, 35) suggest that the term APIA in Eq. 43 is negligible for a variety of sphere sizes and positions. Furthermore, given that A = (N(51) ',it can be shown from Eq. 43 that AP+/l = -NCxsn(R21Vs-R22Jv).
Consequently, provided that A < 1 to assure that R2, and R22 remain finite, AP+/l will be negligible if the solution is sufficiently dilute (xs << 1). Under these conditions (AP+/l -0), the pressure gradient in Eq. 42 is the same as that in unperturbed Poiseuille flow, so that = (4i7/CRTr.) [ (48) where J5 is the average solute mass flux, based on the pore area. In applying Eq. 48, the hin- to, the ratio of the solute diffusivity in the pore to that in free solution, and X0, the sieving coefficient expressing the hindrance of the pore to convective solute transport, are both generally less than one. When the radius of the pore greatly exceeds that of the solute molecule, Eq. 48 reduces to the solute flux equation applicable to unbounded solutions (i.e., to and XO -. 1 as A-' 0), as expected. In this case, fwm and f,,,, -0 and Fs, -' 1. The functions K-'(A,0) and G(A, 0), which represent frictional hindrances, have been tabulated for A < 0.80 (35) . The terms which multiply K' and G in Eqs. 49 and 50 account for steric exclusion of the solute particle.
Integration of Eq. 48 along the pore provides an expression for the solute concentration profile in the pore, Cs(z). Substituting this into Eq. 48 and averaging along the pore, while keeping separate the terms representing diffusion and convection, leads to the following: is= (S'/S)(QOS:)/l)(CO -Cl).
The expression for the volume flux, J, (Eq. 3), is obtained by integrating Eq. 42 over the pore cross section and length (evaluating f.,,,, from Eq. 47), and noting that the net driving pressure is given by the difference between transmembrane hydraulic and colloid osmotic pressures (AP -Air) rather than by AP alone. In summary, use of the Stefan-Maxwell equations makes it clear that three frictional coefficients are needed to describe mass transport in a system composed of water, an uncharged macromolecular solute, and a membrane. If the local coefficients (Fs,, fwm, and fsm) are averaged over the entire membrane, overall coefficients are obtained which are analogous to those derived from the Kedem-Katchalsky formulation (Kf, wS, and a). Representation of the transport pathways as identical cylindrical pores and the solute molecules as solid spheres (Fig. 1 ) allows these overall coefficients to be expressed in terms of a different set of three physical parameters (r0, S'/l, and v). The principal advantage of this transformation, brought about using isoporous theory, is that v may be determined independently of the membrane, leaving only ro and S'/l to be evaluated from membrane transport experiments. As discussed in the companion study (5) , this has the practical effect of allowing the membrane parameters based on pore theory (Kf, ro, and S'/l) to be evaluated in a single experiment, whereas data from at least two experimental conditions (e.g., normal hydropenia and plasma volume expansion) are needed to evaluate the Kedem-Katchalsky parameters (Kf, wS, and a).
